Bacterial persistence is a phenomenon wherein small proportion of a bacterial population attains transient antibiotic tolerance likely by virtue of metabolic minimization. Type II Toxin-Antitoxin systems (TAs), small overlapping bicistronic negative auto-regulons, were recently shown to induce the persistence state. Maisonneuve et al., 2013 reported that TAs are activated by a regulatory cascade consisting of stochastic accumulation of ppGpp leading to accumulation of inorganic polyphosphate (polyP). PolyP supposedly is essential for Lon protease-dependentdegradation of antitoxins resulting in activation of toxins and induction of persistence phenotype. In contrast, using semi-quantitative primer extension, we show that transcriptional up-regulation of yefM/yoeB loci, one of the well characterized TAs of Escherichia coli, is independent of ppGpp and polyP. Similarly, we show that chromosome-encoded YoeB-dependent target mRNA cleavage is independent of polyP.
INTRODUCTION 1 9
Toxin-antitoxin systems (TAs) are operons consisting of two or three adjacent genes which Figure 1. Active model of TAs regulation. RelA, when activated stochastically or during amino acid starvation, synthesizes the ppGpp. Accumulation of ppGpp inhibits the degradation of polyP into inorganic phosphate. Hence, due to continual synthesis by Ppk, polyP accumulates in the cell. PolyP then modulates the substrate specificity of Lon protease, specifically targeting antitoxin proteins for degradation. This is hypothesized to render the toxin free to act on its target and confer persistence. Complex regulatory mechanisms for TAs activation and numerous physiological roles for 7 6 chromosomal TAs were proposed by different groups. The most recent report is that TAs 7 7 are involved in persistence and that ten different TAs are regulated by ppGpp via polyP autoregulatory bicistronic circuitry of Type II TA loci is primarily dependent on the 8 0 concentration of antitoxin as it regulates the transcription and also the phenotypic 8 1 manifestation of the toxins. During stress conditions the antitoxin levels reduce which 8 2 could either be due to decrease in the production of antitoxin and/or increase in the 8 3 degradation of antitoxin. 'Passive' and 'Active' models were described to explain the 8 4 possible mechanisms in the reduction of antitoxin concentration (Gerdes, et al. 2005 ). In the 8 5 "passive model," the reduction in antitoxin concentration is due to the inhibition of Δ relAΔspoT were treated with 1 mg/ml of serine hydroxymate. Total RNA was isolated at 0, 10, 30 and 60 minutes and semi-quantitative primer extension was performed using YefM mRNA-specific primer (YefMPE-2). (B) pALS13 plasmid, containing truncated relA gene downstream of the lac promoter, was transformed into MG1655, Δ lon and Δ ppkppx strains. All the strains were grown to exponential phase and relA' was overexpressed using 1 mM Isopropyl β -D-1thiogalactopyranoside (IPTG). Total RNA was purified from samples taken at 0, 10, 30 and 60 minutes after addition of IPTG. Primer extension was performed as in (A). (C) MG1655 strain was transformed with pBAD33 or pBAD-lon or pBAD-ppk plasmids and Δ ppkppx strain was transformed with pBAD-lon. Overnight cultures were diluted and grown to 0.45 OD 450 in LB medium supplemented with glycerol as carbon source at 37 °C. 0.2% arabinose was added to induce overepxression of lon or ppk. Samples were collected at different intervals and semiquantitative primer extension performed as in (B). polyP is not required for upregulation of yefM/yoeB loci during amino acid starvation. To test the role of ppGpp and polyP in the regulation of yefM/yoeB system, we performed respectively (Crooke, et al. 1994 , Xiao, et al. 1991 . In the wild type (WT) strain, we found a 1 1 4 dramatic increase (16 fold) in the transcription of yefM/yoeB loci while in Δ lon strain there 1 1 5 was no change (Figure 2A ). Interestingly and importantly, we found an increase in and mazEF systems (Christensen, et al. 2003) during SHX-induced starvation experiments. To further analyze the role of ppGpp and polyP in yefM/yoeB regulation we used ectopic 1 2 6 overexpression of relA′ (Svitil, et al. 1993) , which encodes a truncated RelA capable of 1 2 7 ribosome-independent synthesis of ppGpp, in different strains. WT, Δ ppkΔppx and Δ lon 1 2 8 strains, transformed with pALS13 (Svitil, et al. 1993) , were grown to mid log phase and the 1 2 9 expression of relA′ was induced by the addition of IPTG. In our primer extension analysis of 1 3 0 yefM/yoeB trasncription, we found that there was transient increase (7 fold) in the 1 3 1 transcription during the first 10 minutes but decreased back to basal levels. However, in polyP has a role in the regulation of yefM/yoeB system and found that transcription of The transformants were grown in LB media, supplemented with 2% glycerol, to mid-exponential phase (0.45 of OD 450 ) and 0.2% arabinose was added to induce expression of lon or ppk. Samples were collected at 0, 10, 30 and 60 minutes and primer extension was carried out using Lpp mRNAspecific primer (lpp21) for cleavage site mapping. YoeB-dependent cleavage, indicated by an arrow, is in accordance with results from Christensen, et al, 2004 . YoeB-mediated cleavage of mRNA upon overexpression of Lon is independent of polyP. The ectopic overexpression of Lon degrades YefM, leaving YoeB free to manifest its 1 4 6 endoribonuclease activity. Since it was shown that Lon-mediated degradation of YefM is 1 4 7 dependent on polyP (Maisonneuve, et al. 2013) , it is interesting to see if polyP is essential to mRNA by primer extension as reported in earlier studies (Christensen, et al. 2004 ). We found 1 5 2 that Lpp mRNA is cleaved at the second codon of AAA site in WT and Δ ppkΔppx strains but al. 2011). We hypothesized that TA regulation is rather "analogue" and not "discrete", experiment, we did not notice any significant difference in the transcriptional rates of TAs. However in the 37 o C to 47 o C heat shock experiment, we noticed a stable threefold increase in 1 7 1 the rate of transcription which was maintained through the 120 minutes of analysis ( Figure   1 7 2 4). We performed an experiment in which cultures were deprived of oxygen by placing the 1 7 3 cultures at 37 o C in the incubator without shaking. Similar to the results in the 37 o C to 47 o C 1 7 4 heat shock experiment, we observed that the yefM/yoeB transcript is consistently upregulated transcription was also observed in relBE system upon induction of heat shock and glucose In our amino acid starvation experiments, we found a consistent increase in transcription of polyP and ppGpp respectively, similar to that of wild type ( Fig 1A) . In contrast to the reports SHX-induced starvation is independent of ppGpp but dependent on Lon protease. RelA 1 9 1 dependent accumulation of ppGpp was shown to be inhibited by chloramphenicol treatment 1 9 2 (Svitil, et al. 1993 ) and yet the relBE and mazEF TAs were shown to be upregulated upon 1 9 3 addition of chloramphenicol (Christensen, et al. 2001 , Christensen, et al. 2003 ). When we 1 9 4
overexpressed Lon protease in MG1655 and Δ ppkΔppx, there was a dramatic and consistent 1 9 5 increase in transcription from yefM/yoeB loci ( Fig 1C) in both the strains indicating that 1 9 6 polyP is not required for degradation of YefM. In our overexpression experiments, we found proteins. There is also a possibility that ppGpp production and/or polyP accumulation could overexpression of ppk did not induce any YoeB-mediated cleavage in any of the strains. Hence, our results establish that polyP is not required for the transcriptional activation of fundamental contradiction, we do not rule out His-tag interference in the proteolysis assays Our experiments (Figure 2 , 3) rule out the essentiality of ppGpp and polyP in the degradation by protease contribute to high turnover rates of antitoxins. It is assumed that there is no evidence ever provided that 'all known antitoxins' were degraded by polyP All the experiments involving primer extension were grown in Luria Bertani broth, at 37 3 0 5 °C, with 180 rpm shaking in a water bath unless specified otherwise. Samples of 25 mL experimental cultures were collected at 0, 10, 30 and 60 minutes and were carried out similarly with Sanger's dideoxynucleotide method. Conventional disc diffusion method was used to measure the relative sensitivity of the strains. overnight at 37 °C. Diameters of the zones of inhibition were measured and the graph was The author thanks Prof. Kenn Gerdes for the support during this work at BMB, University of :  3  4  9  3  3  3  -4  8  .  3  5  0  7   C  h  r  i  s  t  e  n  s  e  n  S  K  ,  G  e  r  d  e  s  K  .  D  e  l  a  y  e  d  -r  e  l  a  x  e  d  r  e  s  p  o  n  s  e  e  x  p  l  a  i  n  e  d  b  y  h  y  p  e  r  a  c  t  i  v  a  t  i  o  n  o  f  R  e  l  E  .  M  o  l  3  5  1  M  i  c  r  o  b  i  o  l  2  0  0  4  ;  5  3  :  5  8  7  -9  7  .  3  5  2  C  h  r  i  s  t  e  n  s  e  n  S  K  ,  M  a  e  n  h  a  u  t  -M  i  c  h  e  l  G  ,  M  i  n  e  N   e  t  a  l  .   O  v  e  r  p  r  o  d  u  c  t  i  o  n  o  f  t  h  e  L  o  n  p  r  o  t  e  a  s  e  t  r  i  g  g  e  r  s  3  5  3  i  n  h  i  b  i  t  i  o  n  o  f  t  r  a  n  s  l  a  t  i  o  n  i  n  E  s  c  h  e  r  i  c  h  i  a  c  o  l  i  :  i  n  v  o  l  v  e  m  e  n  t  o  f  t  h  e   y  e  f  M  -y  o  e  B   t  o  x  i  n  -a  n  t  i  t  o  x  i  n  3  5  4  s  y  s  t  e  m  .  M  o  l  M  i  c  r  o  b  i  o  l  2  0  0  4  ;  5  1  :  1  7  0  5  -1  7  .  3  5 
